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ABSTRACT
Nanotechnology and the synthesis of nanoparticle systems are attractive in part
because of interesting, tunable optical and electrical properties that are not observed with
bulk material. Silver nanoparticles (Ag NPs) interact with visible light more efficiently
than any other system due to the excitation of plasmon resonances, which are the
collective oscillations of the free electron density. These collective oscillations produce
an enhanced local electromagnetic (EM) field: this field is responsible for highly-utilized
phenomena such as surface enhanced Raman scattering (SERS), enhanced fluorescence,
surface enhanced infrared absorption (SEIRA), and many others. Many experiments
have been conducted to optimize and tailor nanoparticle properties for various
applications and devices. This thesis is centered upon both the stabilization of twodimensional (2D) arrays of Ag NPs via homopolymer films for further modification as
well as the synthesis of core-shell Ag NPs. Characterization techniques include UV-Vis
spectroscopy, atomic force microscopy (AFM), and scanning electron microscopy
(SEM).
The stabilization of 2D arrays of Ag NPs via homopolymer films is presented in
Chapter 2 of this thesis. Two-dimensional arrays of Ag NPs tend to aggregate upon
drying from aqueous solutions; and a resolution to this issue is to immobilize the NPs
with a polymer before they dry. Many polymer systems stabilize arrays by completely
covering the Ag NPs, thereby preventing further modification of the NP surface. Five
separate homopolymer systems are presented and analyzed herein by which 2D arrays
can be successfully immobilized and stabilized without covering the tops of the NPs.
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The functionalization and protection of Ag NPs with self-assembled monolayers
of various thiol molecules and silica shells is presented in Chapter 3. Ag NPs can be used
to improve cell detection in flow cytometry experiments and other bio-optical labeling
techniques by increasing scattering due to the excitation of plasmon resonances. Ag NPs
are both subject to aggregation from ions and are cytotoxic in biological systems. Thiol
monolayers provide a hydrophobic barrier to ions in physiological buffers, such as ~150
mM NaCl, and a silica core further stabilizes the NPs and offers a platform for further
modification. Various synthetic techniques are discussed.
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CHAPTER ONE
INTRODUCTION
The ever-increasing attention and study of nanoparticles is due to their
widespread applications in the areas of solar technology, medicine, textiles, electronics,
and green technology2-4.

Silver nanoparticles’ (NPs) properties such as strong light

scattering and little absorption are being exploited for light harvesting by their
incorporation in the photoactive layer of photovoltaic cells thereby reducing surface
reflectance5,6. The advancement of chemotherapeutics, drug delivery, biolabels, and
wound treatment using NPs is also very promising2. Metal NPs have shown to be an
effective platform for NP-based contrast agents, selective cancer cell/tumor targets, and
theranostics.2 The properties of NPs differ from those of the bulk material in part due to
the higher number of surface atoms relative to total atoms in the material, resulting in a
higher reactivity. Also, seen in noble metal NPs and not in the bulk material, is the
excitation of plasmon resonances, which contribute to the many exciting and unique
properties of silver NPs. Plasmon resonances refer to the collective oscillation of the free
conduction electrons in noble metal NPs. The excitation of these plasmon resonances by
incident light is the most efficient interaction of light with matter; this is dictated by Ag’s
high density of conduction electrons and its unique frequency dependence of both the real
and imaginary parts of the dielectric function7,8. The real part of the dielectric function
explains the degree to which a material can be polarized by an external electromagnetic
field, or the in-phase component of frequency response of a medium. The imaginary part
of the dielectric function explains the optical losses, such as absorption; and remains very
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small throughout the visible spectrum. This real part of the dielectric function for Ag
increases rapidly in the visible region because scattering is promoted over absorption for
NPs of increasing size. In summary, Ag NPs scatter strongly and absorb little with
increasing size.
Chemically clean Ag NPs are grown in the laboratory via the hydrogen reduction
of silver(I) oxide. This is a size-controlled synthesis which produces polyhedron, singlecrystal, ligand-free Ag NPs, whereas many other NP synthetic routes utilize stabilizing
molecules which affect the surface chemistry. The desired diameter of the Ag NPs is
easily controlled by simply terminating the synthesis by removing the H2(g) (the reducing
agent) when the desired NP diameter is obtained. Throughout the synthesis, aliquots are
taken and measured via UV-Vis extinction spectra to monitor the frequency of the
plasmon mode, which will continue to shift to lower energy and broaden; this is
indicative of the growing diameter of the Ag NPS. Figure 1.1 displays the UV-Vis
extinction spectra taken from a typical 2-hour synthesis to grow Ag NPs of
approximately 130 nm in diameter. The SEM image shown also in Figure 1.2 displays
the crystallinity and polyhedron shape of the Ag NPs. The Ag NPs remain stable for
months due to the repulsion because of the electric double layer on the surface of the NPs
made up of Ag(OH)2- and AgO-. The reaction for this size-controlled synthesis of Ag
NPs is as follows:
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Dissolution
1) Ag2O + 3 H2O  2 Ag(OH)2- + 2 H+
2) 2 Ag(OH)2-  2 Ag+ + 4 OHNet: Ag2O + H2O  2 Ag+ + 2 OHReduction
2 Ag+ + H2 → 2Ag0 + 2H+
Net Reaction

Extinction (a.u.)

Ag2O + H2 → 2 Ag0 + H2O
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Figure 1.1. UV-Vis extinction spectra of Ag NP suspensions taken every 15 minutes
over the 2 hour reaction (bottom to top).

These Ag NPs will form a 2D array onto poly(4-vinylpyridine) (PVP)-modified glass
substrates. These substrates have potential use as SERS substrates and as a component of
photovoltaic cells. The Ag NPs arrange uniformly from their aqueous solution onto solid
substrates, yet upon drying in ambient conditions, tend to aggregate. Despite the chemical
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attachment of the Ag NPs to the surface of the substrate, clusters of Ag NPs will form
upon drying as they roll into one another. To prevent such aggregation, a stabilization
and immobilization technique was developed in this group.9 Poly(mehtylmethacrylate),
or PMMA, was spin-coated onto the substrates in order to fill in the spaces surrounding
the NPs but not completely encompass the NPs. The motivation was also to leave the
tops of the NPs naked, without polymer coating, so that they may be useful for further
modification.

Figure 1.2. Scanning electron microscopy image of ~130 nm Ag NPs in a 2D array.

The research presented in Chapter 2 aims to delineate a clear picture of the actual
stabilization of the NPs in their 2D arrays. Utilizing 5 homopolymer systems (PMMA in
anisole, poly(butylmethacrylate) (PBMA) in anisole and toluene, and polystyrene (PS) in
anisole and toluene), this body of work aims to describe the structures formed during the
stabilization of 2D arrays. The homopolymers do not have affinity for Ag, yet wet the
NPs so that they form ridges around them, stabilizing each individual NP.
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In addition to their applications as 2D arrays, Ag NPs are extremely useful as
core-shell structures. The highly efficient optical properties of Ag NPs allow Ag to be a
candidate for optical labeling. The antimicrobial properties of Ag NPs make it attractive
for use in clothing, wound dressings, athletic equipment, and diabetic therapy10. Silver
shows cytotoxic effects and is subject to aggregation under physiological conditions. The
encapsulation of Ag NPs with a thin silica shell is important in reducing the toxicity in
vitro, especially as the number of products containing Ag NPs is rapidly increasing. A
silica shell will offer biocompatibility, but is still porous enough to allow NaCl to
permeate and damage the NP. Chloride ions will adsorb to the Ag NPs and form AgCl2,
which will precipitate. The thiol SAMs are not enough alone to stabilize the NPs, as Ag
ions could still leach and yield toxic results.11 The incorporation of thiol molecules will
provide a hydrophobic barrier to prevent such permeation and the silica shell offers
stability to this barrier to prevent inevitable ligand exchange with other ions or molecules.
Together, Ag NPs functionalized with a thiol SAM and further encapsulated with a silica
shell offer biocompatibility and stabilization, as well as a platform for molecule
attachment.
Stöber and Fink published their well-known synthesis of silica spheres in 1968,
and this body of work has served as the basis for all chemistry involving silica, known
commonly as sol-gel chemistry12. The reaction involves the hydrolysis and condensation
of tetraethyl orthosilicate, (TEOS) shown below:
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Stöber Process
Hydrolysis

Si(OC2H5)4 + H2O  Si(OH)4 + 4 C2H5OH

Condensation

2 Si(OH)4 → 2 (Si-O-Si) + 4H2O

This synthesis is dependent on the concentration of every reagent, the temperature,
the method of agitation, and the length of the synthesis (aging). Chapter 3 describes the
procedures employed to synthesize shells of desired thickness upon Ag NPs.
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CHAPTER TWO
THE STABILIZATION OF 2D ARRAYS OF SILVER NANOPARTICLES
VIA HOMOPOLYMER FILMS

Introduction
Two-dimensional arrays of Ag NPs are of interest for the plasmon coupling which
occurs due to the overlapping of the particles’ local EM fields from the electron
oscillations9,13,14. The plasmon coupling in such arrays can be used for surface enhanced
spectroscopy substrates and for biosensing applications15. These arrays have even been
used to sense the refractive index of various solvents16. Uniform 2D arrays have shown
promise in photovoltaic (PV) device implementation. Enhanced absorption and
photocurrent for PV devices has been shown due to the increased local EM field
associated with Ag NPs; and photocurrent efficiency has been measured to increase by
6% in organic PV devices17. In our work, 2D arrays of Ag NPs are constructed via selfassembly onto glass substrates which have been modified with PVP. The Ag NPs’ selfassembly onto the PVP-modified glass takes place when the substrates are exposed to an
aqueous Ag NP colloid18. The nitrogens of the pyridyl groups offer lone pairs of
electrons for the binding of Ag. These colloids are grown with a well-established
method, which utilizes the hydrogen reduction of saturated silver oxide solution in water
at elevated temperatures7,19. This size-controlled synthetic technique yields solutions of
polyhedron Ag NPs with a very narrow size distribution.
Two-dimensional arrays are fabricated in a method developed by this group18.
Briefly, clean glass substrates are modified with a monolayer of PVP before exposing to
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a solution of aqueous Ag NPs. The Ag NP form a layer, or a 2D-array via self-assembly.
Solutions of higher concentrations will yield higher packing densities for the 2D array.
This was confirmed by a sharper plasmon peak in the extinction spectra due to coupling.
When NPs are close enough to one another so that their local fields overlap, phase
coherence for electronic oscillations takes place, creating coherent plasmon coupling; and
this produces a sharp, narrow band in the extinction spectra9.

AFM and SEM

measurements also confirmed the higher packing densities. Exposing the substrates to
the Ag NP solution for longer times will also yield a higher packing density. Typically, a
solution with an optical density of 1 will be used to form a 2D array of 100 nm NPs that
are spaced approximately 100 to 200 nm apart due to the repulsion of their thick, electric
double layer.
Upon drying in ambient conditions following their exposure to Ag NP solutions,
the NPs on the substrates tend to aggregate due to the surface tension of water9. This
aggregation is irreversible and disrupts the uniformity of the surface coverage.
Aggregated 2D arrays no longer exhibit uniform plasmonic properties across the
substrate; the plasmon resonance experiences spectral broadening17. NP aggregates and
islands (more coupled areas) provide areas for plasmon-enhanced detections such as
SERS, whereas less-coupled areas of the substrate do not offer the same enhancements.
The preservation of the uniform 2D array is important for applications such as
photovoltaic devices where multiple layers containing metals and semiconductors can be
deposited on top of the array. It has been reported that aggregates of the Ag NP arrays
will actually suppress the photocurrent20. To prevent aggregation upon drying and to
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preserve the regularity of the arrays, spacer layers that will further immobilize the
particles by filling the spaces in between them have been investigated.
Previous work has shown that a poly(dimethylsiloxane) (PDMS) matrix will coat
the 2D array and, upon curing, will stabilize the NPs9,21. PDMS proves to be a promising
polymer because it is clear, flexible, can be stretched, and can lift the NP arrays21. This

Figure 2.1: Monomers of polymer structures used for stabilizing 2D arrays of silver
nanoparticles, and schematic of polymer stabilization.
technique, however, fully covers the particles with the polymer as opposed to filling only
the spaces between the particles. This full coverage prevents any further modification or
functionalization of the 2D array. Spin coating a polymer, as opposed to pouring and
curing in a mold, allows for the polymer to be spread evenly in the spaces between the
particles and for excess of it to be removed from the substrate by centrifugal forces.
Excess solvent is also evaporated in the process. PDMS is too viscous for this purpose
and will cover the NPs completely.
In the current work, a layer of polymer is spin-coated upon the substrates to fill
the spaces in between the NPs. This is done before the substrates are allowed to dry.
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The motivation to spin-coat the arrays is not only to preserve the array and prevent
aggregation, but also to allow a portion of the Ag NPs to be exposed above the polymer
layer for further modification9. Exposing portions of the NPs provides the opportunity to
functionalize the arrays for sensing applications, for example.

Experimental Methods
Materials
Poly(methylmethacrylate) (PMMA) [MW 996,000], poly(butylmethacrylate)
(PBMA) [MW 337,000], poly(4-vinylpyrdine) (PVP), polystyrene (PS), anisole, and
toluene were purchased from Sigma Aldrich. Silver(I) oxide was purchased from Alfa
Aesar. Pure absolute ethanol and Iron(III) nitrate hexahydrate were purchased from
Fisher Scientific. All chemicals were used as received with no further purification.
Microscope glass slides were purchased from VWR. Deionized water with a resistivity
of no less than 18 MΩ·cm was used from a Millipore Milli-Q system. Ultra high purity
(UHP) nitrogen and UHP hydrogen were purchased from Air Gas. All polymer solutions
were prepared by dissolving the polymer into the solvents by weight.
Instrumentation
Extinction spectra were collected with a Shimadzu UV-2501PC
Spectrophotometer. Electron microscopy images were taken using a Hitachi SEM-4800
operating at 15keV. Spin-coating was conducted with a WS-400B-6NPP/LITE spin
coater from Laurel Technologies Corp. AFM images were recorded using an AIST-NT
SmartSPM in noncontact mode with fpN11TiN cantilevers and HQ15 cantilevers from
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NIIFP and Mikro-Masch, respectively. AFM image processing was carried out with
Gwyddion 2.26. All spectra were processed with Spectra-Solve for Windows from
LasTek Pty., Ltd.
Synthesis and 2D-Array Fabrication of Silver Nanoparticles
Ag NPs were synthesized using a hydrogen reduction method. Briefly, the
reduction of silver(I) oxide in ultrapure water by H2(g) is carried out in a round-bottom
flask at 70°C and pressurized to 10 psi. The size of the Ag NPs is controlled by reaction
time, as the diameter increases with prolonged exposure to H2(g). By measuring the
dipole resonance frequency via UV-Vis spectroscopy, the reaction was terminated when
the particles were approximately 100 nm in diameter. The plasmon resonance continues
to shift to lower energy as the particles grow in diameter, which allows this method to be
a size-controlled synthesis. Glass substrates were cut from microscope slides to a size of
0.5 in x 0.5 in, cleaned by sonicating in acetone, followed by subsequent rinses in pure
ethanol and ultrapure water, then dried with a stream of UHP N2(g), and plasma-cleaned.
Substrates were exposed to a 3.3 x 10-3% PVP by weight in ethanol solution under
constant agitation for at least 4 hrs before rinsing in pure ethanol and ultrapure water and
exposing to a colloidal suspension of Ag NPs. Once the Ag NP monolayer selfassembled onto the PVP-modified glass, the substrates were then rinsed with ultrapure
water and pure ethanol before further stabilization. The substrates were placed directly
from one solvent to the next without allowing to dry.
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Immobilization of Silver Nanoparticles
The arrays were spin-coated with varying concentrations of PMMA dissolved in
anisole. The height of the PMMA in the spaces between the NPs depends upon the
concentration of polymer used, spin-time, and spin-speed. A 1% PMMA solution was
spin-coated on the 0.5 x 0.5 in. substrates at conditions that were found to be optimum for
consistent polymer coverage. A speed of 5000 RPM for 45 seconds following a pretreatment in the polymer solution for 2 minutes was carried out for all substrates. The
pre-treatment was implemented to ensure complete saturation of the PMMA between the
NPs before the substrate was placed into the spin-coater. 30 uL 1% PMMA was released
upon the substrate at the beginning of the spinning. After spin-coating, the substrates
were typically annealed in vacuo at 140°C for 10 min and allowed to sit overnight in
ambient conditions to ensure full solvent evaporation. All topology data was obtained via
AFM imaging and processed using Gwyddion software.
As a comparative study, poly(butylmethacrylate) (PBMA) was also spin-coated
on 2D arrays of Ag NPs. PBMA is most soluble in toluene, so solutions of 1% PBMA in
toluene were prepared initially and used to stabilize the arrays in the same manner as with
the PMMA. 1% PBMA in anisole was also prepared, by gentle agitation for several days
to ensure the complete dissolution of the polymer.. 1% PS solutions were also prepared
in both anisole and toluene for spin-coating substrates.
Etching of Silver Nanoparticles
In order to measure the thickness of the PMMA layer surrounding the particles,
the NPs were etched away using a solution of ferric nitrate, Fe(NO3)3·9 H2O. It was
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expected that the thickness of the PMMA layer could be measured with AFM by
measuring the depth of the holes left after Ag etching. Various concentrations of ferric
nitrate were deposited as a droplet of about 10 µL onto the polymer-immobilized Ag NP
substrates. The substrates were then rinsed with 18 MΩ·cm DI H2O and dried with a
stream of N2 gas before AFM analysis. Analysis was carried out in tapping mode.
Image Processing and Term Definition
Gwyddion free software was used to obtain data for all homopolymer systems.
The homopolymer formations, visible post-etching of the Ag NPs, are classified as
craters in the polymer with ridges rising above the average polymer thickness. The
ridges are formed by the polymer wetting the NP and are seen as the brighter rings in the
AFM images, such as in Figures 2.2-2.6. Images from the AIST-NT AFM were loaded
into Gwyddion and were processed to remove artifacts. All images were leveled by a
mean plane subtraction, line scans were corrected, and polynomial backgrounds were
removed. The “extract profile” tool in the software was utilized which allows the user to
draw a line across any area in the AFM image in order to generate a profile of the
topography which is delineated as an x-y smooth line plot. These numbers were entered
into Microsoft Excel for all reported measurements. As seen in Figure 2.2, the line drawn
from Points A to B in the AFM scan on the right generated the profile on the left. As
shown by the red lines, the ridge height corresponds to the distance from the polymer on
the substrate surface, between the NPs, to the top of the ridge of the crater. These were
measured on both the left and right of every crater formation for an average value. The
crater width, as shown in green, was measured as the difference (x) between two ridge
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maxima. The crater depth is defined in this work as the depth below (or above the
polymer). This was measured by averaging the ridge minima (the polymer between the
NPS) and the difference (y) to the crater minima between the two ridges.

60

Ridge
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Crater
Width

nm
56
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48

B
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Figure 2.2. AFM scan (duplicate of scan in Fig. 2.3) with line drawn across crater as
in Gwyddion imaging processing software. Corresponding profile as generated in
software with explanatory schema depicting how measurements were made for crater
stabilization data. For line between points labeled A and B, the ridge height is shown
in red, the crater width is shown in green, and the crater depth is shown in blue.

Results and Discussion
The irreversible aggregation of Ag NPs in a 2D-array upon drying can be
prevented with the casting of a homopolymer on the substrates to fill in the spaces
between the NPs while not adsorbing on top of the NPs. The accessibility to the surface
of the Ag NPs is important because of potential sensing applications. Previous work was
focused on preserving the 2D-arrays by embedding them in PDMS; yet this method
completely coats the Ag NPs, preventing further modification and rendering the Ag NPs
inaccessible16. Spin-coating 2D-arrays with PMMA in anisole has been previously
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reported in this group and it was concluded that the tops of the Ag NPs were not coated
by the polymer because it has no affinity for silver9. It could be possible for some
polymer layer, however thin, to remain atop the NPs due to physisorbtion.
The results of the etching experiments of the homopolymer films indicate that the
polymer does indeed fill the spaces in between the Ag NPs and does not leave a layer of
polymer on top. The etching of Ag would have been prevented if the homopolymers
were coating the Ag NP arrays. The etching could be visibly seen within seconds, as the
area directly underneath the droplets of ferric nitrate became transparent, and the
penetration of ferric nitrate through the polymer is unlikely. Experiments were also
carried out to test the effect of long-term exposure to ferric nitrate; and no effect was
noted upon the homopolymer films, as was concluded from AFM imaging.
The PMMA films, post-etching, yield a ridge height of 38 nm, as measured via
tapping mode AFM. In contrast to the proposed schematic, seen in Figure 2.1, the
PMMA fills in the space between NPs but also wets the sides of the NPs to form small
craters after NP etching, with ridges formed due the polymer wetting the NP, as seen in
Figure 2.4. The PBMA in anisole films measure a ridge height of 14 nm and the PBMA
in toluene films measure a ridge height of 16 nm (see Table 2.1 and Figure 2.6). The
PBMA appears to form a smaller ridge around the particle, thereby covering less of the
NPs. The depth of the craters for PMMA are approximately 8 nm above the baseline,
whereas the crater depth for PBMA is 24 nm below the baseline, indicating that the
PBMA does indeed fill in the spaces better than the PMMA. Due to the fact that the
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baseline created by the polymer filling in the spaces is higher, and the ridge heights above
the baseline are smaller, it can be concluded that PBMA has a lesser wettability of the Ag
NPs than does the PMMA. The AFM tip can probe deeper into the crater with wider
radius, yielding a deeper and potentially more accurate picture of the structure. Tip
interactions between both the PMMA and the PBMA may also vary, yielding slightly
different information. Both polymers contain methacrylate groups, but the equilibrium
states reached by the individual polymers based upon the surface energies, solvent
effects, and cohesion energies can vary depending on what groups are exposed to the
surface of the films22,23,24.
The PS homopolymer systems, in both anisole and toluene, yield AFM images
which show sharp ridges, as seen in Figure 2.5. The ridge height for the PS in anisole is
33 nm above the baseline and 19 nm above the baseline for PS in toluene. PS in anisole
wets the Ag NPs in a manner similar to PMMA, and PS in toluene wets the NPs more
like that of PBMA in toluene. The crater depth of PS in anisole is 17 nm below the
baseline and the depth of PS in toluene is 36 nm below the baseline.
Given the information for the 5 different homopolymer systems used to stabilize
Ag NP arrays from aggregation, it can be concluded that all of the systems are functional
as stabilizing and immobilizing homopolymers. Ag NP diameter and homopolymer
concentration were held constant, so the systems are comparable in terms of the ridge
height, and therefore how much NPs are exposed. The baselines are also comparable.
PBMA homopolymers tend to yield a shorter ridge due to their lower affinity to wet the
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Ag NPs, whereas PMMA wet the Ag NPs more and forms a higher ridge. PS exhibits
both behaviors, depending upon solvent choice.
There are several avenues for future work and applications for the homopolymer
films and the crater formations. Various homopolymers, such as fluoropolymers, could
also be utilized in immobilizing and stabilizing the 2D-arrays of Ag NPs. Experiments to
prove the exposure of PVP at the bottom of the craters could open up opportunities for
confined reactions and for enhanced fluorescence. The attachments of other molecules,
or very small Ag NPs, could prove the PVP exposure, but those experiments alone will
not suffice. Due to the slow kinetics of small particles in solution reaching the PVP in
the craters, other experiments, such as the electrochemical deposition of Ag into the
confined areas, should be performed.
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Figure 2.3. Top: AFM non-contact height scan (left) of Ag NP array, corresponding
3D AFM image (right), and height profile (center). Bottom: AFM non-contact height
scan (left) of Ag NP array stabilized with 1% PMMA on PVP-modified glass
substrate, corresponding 3D AFM image (right), and height profile (center).
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Figure 2.4. AFM non-contact height scan (left) of Ag NP array stabilized with 1%
PMMA, post-etching, corresponding 3D AFM image (right), and height profile
(center).
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Figure 2.5. Top: AFM non-contact height scans (left) of Ag NP array stabilized with
1% PS in toluene, post-etching, with corresponding 3D AFM image (right) and height
profile (center). Bottom: 1% PS in anisole, post-etching (left); corresponding 3D
AFM images (right), and height profile (center).
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Figure 2.6. Top: AFM non-contact height scans (left) of Ag NP array stabilized with
1% PBMA in toluene, post-etching, with corresponding 3D AFM image (right) and
height profile (center). Bottom: 1% PBMA in anisole, post-etching (left);
corresponding 3D AFM images (right), and height profile (center).
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Table 2.1. Analysis of crater formations from homopolymer stabilization.
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CHAPTER THREE
THE SYNTHESIS OF SILVER CORE SILICA SHELL NANOPARTICLES
Introduction
The use of noble metal NPs, particularly Ag NPs, in bioanalytical chemistry
applications has shown ever-growing importance3,25,26. The collective oscillations of the
conduction electrons, or plasmon resonances, are responsible for the interaction of light
with Ag NPs and represent the most efficient interaction mechanism8,19. It is
advantageous to utilize such particles in biosensing applications; for example, the
enhancement of cell detection in flow cytometry via strong light scattering. Ag NPs,
however, are cytotoxic and unstable under physiological conditions. By forming a silica
shell around Ag NPs, a platform is available to modify with molecules, ligands, and other
constituents for many uses. For example, the core-shell can now be functionalized with
avidin that will bind to biotinylated proteins and molecules, a common cell-labeling
technique. The silica shell, porous in nature, is not enough to protect the Ag NP. In this
work, thiol molecules were used to form a monolayer on the NP before coating with a
silica shell. The thiol layer acts as a hydrophobic barrier to ions which can penetrate to
the Ag surface. Previously, in this group, thiol SAM-functionalized core-shell Ag NPs
were coupled with neutravidin and incubated with cells which were biotin-conjugated
with rat anti-mouse IgG for flow cytometry11. Figure 3.1 depicts a Ag NP functionalized
with a thiol SAM and encapsulated with a silica shell.
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Figure 3.1. Schematic of thiol-functionalized with 11-mercapto-1-undecanol (to
represent thiol SAM) and further encapsulated with silica shell.

Experimental Methods
Materials
Silver(I) oxide was purchased from Alfa Aesar. Pure absolute ethanol and HPLCgrade 2-propanol were purchased from Fisher Scientific. 11-Mercapto-1-undecanol, 1octadecanthiol, 1-tetradecanthiol, and tetraethyl orthosilicate were purchased from
Aldrich. Ammonium hydroxide, 28-30% ACS grade, was purchased from BDH. 16mercapto-1-hexadecanol and 16-mercaptohexadecyl amine hydrochloride were purchased
from Prochimia Surfaces. All chemicals were used as received with no further
purification. Deionized water with a resistivity of no less than 18 MΩ·cm was obtained
from a Millipore Milli-Q system. Formvar coated copper grids for TEM analyses were
purchased from Ted Pella. UHP nitrogen and UHP hydrogen were purchased from Air
Gas.
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Instrumentation
Extinction spectra were collected with a Shimadzu UV-2501PC
Spectrophotometer. Electron microscopy images were taken using a Hitachi 7600T
electron microscope at 115kV on copper grids.
Thiol Functionalization of Ag NPs
Ag NPs were synthesized using a hydrogen reduction method as outlined in the
previous chapter. The Ag NPs were concentrated to very high optical densities (OD)
ranging from 45 to 647 OD. The Ag NPs were concentrated by centrifuging for 90+
minutes and removing supernatant; this was repeated until a desired optical density was
obtained. The dense Ag NP solutions were then suspended in approximately 50 mL 2propanol to an optical density of 4 while stirring. The solutions were then degassed with
N2(g) to remove any dissolved O2(g) in solution, which can interfere with the formation
and reproducibility of the thiol self-assembled monolayer (SAM), and can lead to
oxidation of the thiol28. Thiols used in these experiments include single and mixed
solutions of 11-mercapto-1-undecanol, 1-octadecanthiol, 1-tetradecanthiol, 16-mercapto1-hexadecanol, and 16-mercaptohexadecyl amine hydrochloride, all diluted to a final
concentration of 100 mM. The solutions were stirred overnight (no less than 16 hours) to
allow the SAM to form on the NP surface. The NP solutions were cleaned to remove
excess thiol molecules by centrifuging for 90+ minutes and resuspending in 2-propanol.
Synthesis of Core-Shell Ag NPs
The cleaned solutions of thiolated Ag NPs were diluted to a total volume of 50
mL in 2-propanol and 6 mL of 18 MΩ·cm Deionized water was added for a modified
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Stöber process. The solutions were then degassed with N2(g) for 15 minutes to remove
O2(g). They were then placed in an ultrasonic bath in order to keep the reaction agitated
for the addition of 7.5 µL TEOS (600 µM), followed by the dropwise addition of 600 µL
NH4OH. The solutions were allowed to sonicate for 30 seconds before removal from
ultrasonic bath and were stirred for approximately 72 hours for the formation of the silica
shell. The NPs were then cleaned of excess reagents in a manner similar to the cleaning
of the thiolated NPs. The formation of the shell was confirmed via TEM measurements.
Solutions were subjected to NaCl solutions to test stability for the NP stability.

Results and Discussion
Ag NPs were highly concentrated via centrifugation and as much water was
removed as possible in order to prevent aggregation when transitioning from an aqueous
solution to an alcoholic solution. Concentrating the NPs and removing as much water as
possible before resuspending them in 2-propanol also ensured that there was very little
water content (<1%) in the solutions before the addition of the thiol SAM. Many trials
were carried out in which solutions containing higher water content would result in the
aggregation of the NPs upon being introduced to alcohol, as indicated by the color
change, the formation of visible aggregates, and UV-Vis spectra. Successful transition
from an aqueous solution to an alcoholic solution was obtained with agitation and the
slow addition of the NPs. With either stirring or sonication, concentrated NPs with lower
water content will resuspend easily into alcohol solutions. Solutions of an optical density
of 4 were used in most experiments. After the subsequent cleaning processes, some NP
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density is lost due to both aggregation and the removal of the supernatant, as some
suspended NPs are also removed. Parameters were optimized for silica shell thicknesses
that would be formed with NP solutions of optical densities ranging from 0.5-4.
Various thiol solutions, all in 2-propanol, were utilized to find one which would
functionalize the Ag NPs in order to create a hydrophobic barrier. This is important when
creating NPs that will withstand high salt concentrations encountered in biological
applications. Creating a hydrophobic barrier will prevent ions from permeating the
porous silica shell and etching the Ag NP. Longer thiol chains tend to form a more
ordered SAM with fewer defects than short-chain thiols27. Although most attachment
sites are formed within several minutes, longer-chains will continue to organize over time
in a seeming three-phase process. An initial fast adsorption step of about 25 minutes
results in 40%-50% coverage. It has been reported that 90% of coverage in attained
within this time frame27. A longer second step over the course of several hours allows for
more organization and a higher “thickness” of the monolayer to form as the thiol
molecules “stand up” to the nanoparticle surface from their initial “laying down”
position. There is then a third step which is considered to take place over a longer time
scale, and even up to about 2 days27. It has been reported that small changes, such as the
elimination of pinhole defects and conformational defects in the alkane chains, occur
even on a scale 7-10 days28,29. It is noted, however, that a time frame of about 16 hours is
not only experimentally convenient, but also sufficient for complete, minimal-defect
SAM formation; very little changes in the properties and functionality of the thiol SAMs
are seen after about 16 hours of formation. Overall, longer chain thiols exhibit faster
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kinetics than do short-chain thiols, as they are able to reach a consistent, stable SAM with
fewer defects29. This is due, in part, to the attractive lateral interactions promoting the
organization of the chains following the metal-sulfur interaction which promotes the
initial assembly28.
Silica-shell thickness is easily controlled by varying the amount and concentration
of TEOS added. When the same synthesis is carried out with mixed-thiol-functionalized
NPs, it appears as if there is resistance to the formation of the silica shell, and there are
small spherical silica NPs near the Ag NPs. Figure 3.2 depicts Ag NPs, both naked and
with thiol SAM on which the Stöber method was performed to form the silica shell. The
silica shell forms readily upon the naked NP, but condenses very little upon the Ag NPS
that were functionalized with the thiol mixture. There is a slight, non-uniform and
somewhat incomplete silica shell around the NP, measured to be about 1-2 nm in
thickness. This is typical of both mixed thiol monolayers and single thiol monolayers.

Figure 3.2. TEM images of core-shell Ag NPs without thiol SAM (left) and with
SAM comprised of a mixture of three thiols (right).
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Some of this may be due to the fact that the amine-terminated thiol used in the
experiment was a hydrochloride salt and therefore disrupted the formation of the SAM.
Mixed thiol solutions are complex in that the molar ratio of the solution does not
necessarily reflect the molar ratio of the adsorbed SAM28,30. Solvents used, thiol chain
length, and polarities of the functional groups contribute to the homogeneity and possible
phase separation of the SAM30. As expected, the longer-chain thiols in the mixture will
have a preferential adsorption and the adsorbed SAM will contain a higher percentage of
long-chain thiols. The mixed thiols used in the experiments herein were a mix of 1tetradecanthiol, 16-mercapto-1-hexadecanol, and 16-mercaptohexadecyl amine
hydrochloride. It is assumed that the 16-mercapto-1-hexadecanol, and 16mercaptohexadecyl amine hydrochloride adsorbed preferentially despite the solution
preparation of a 60/20/20 ratio mixed thiol because of their longer chain length. This is
why it is important to clean the solutions to remove the excess of unbound thiol. Despite
the controlled ratio and concentrations of the thiols within the mixed solution,
preferential binding and bias will still occur due to differences of binding constants30.
Those that bind less strongly and remain in solution are easily removed upon
centrifugation and washing.
The thiol monolayer alone is not enough to protect the Ag core. The silica shell
formation further stabilizes the structure as a whole and offers a platform for further
functionalization. Silica is noncytotoxic, biocompatible, and can act to stabilize the NP
systems against aggregation and flocculation31. Furthermore, it aids to stabilize the thiol
SAM because it acts as a protective layer to prevent ligand exchange of the hydrophobic
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Figure 3.3. TEM image of core-shell Ag NPs with SAM comprised of 11mercapto-1-undecanol and encapsulated with Si shell.

barrier in the case of exposure to complex physiological solutions.

A silica shell alone

on naked NPs is porous which leaves the Ag core subject to the permeation of chloride
ions found in abundance in physiological solutions. A protective hydrophobic barrier
will also help to alleviation of the NP’s toxic effects due to leaching out Ag ions
modifying cellular function32. Ag NPs have also demonstrated the increased production
of reactive oxygen species (ROS), which promotes cell necrosis32. The surface chemistry
of NPs govern reactivity and interactions with other molecules and ions in a complex
system, such as physiological media; and the modification of the Ag NP will allow for
more non-toxic possibilities in for cancer therapeutics, diagnostics, and in-vivo and exvivo experiments32-34.
Future work must be carried out to investigate the proper functional groups on the
thiol in order to encapsulate the NP with a smooth silica shell. As seen in Figure 3.3, a
SAM of 1-mercapto-1-undecanol on a Ag NP allowed for the formation of a flower-like
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silica shell. The sol-gel process resulted in condensation upon the NP, however
incomplete and with varying thickness. It is possible that a pinhole defect, which is
sometimes corrected by allowing more organization time for the thiol SAM to form,
could be shaping the silica into this flower petal shape. Although the SAMs should be
between 2.5-3 nm in length extending from the surface of the NP, the condensed silica
could propagate the unevenness of the SAM. Tests were carried out to determine the
stability of the NPs in physiological conditions.
Tthe NPs were exposed to 150 mM NaCl, to mimic physiological salt conditions.
After a 7-day exposure, the UV-Vis extinction spectra was compared to the original UvVis extinction spectra of the Ag NPs before NaCl exposure. Reported in Table 3.1 are
the results of this experiment. Two separate trials, one examining a 1-mercapto-1-

Table 3.1. Stability in physiological salt conditions for 7 days. Trial 1 and Trial 2
were carried out separately and are shown in red and blue, respectively
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undecanol SAM and one examining an octadecanthiol SAM were carried out. In both
trials, the % intensity decrease in the extinction spectra was improved with the presence
of a thiol SAM and silica shell, as compared to a silica shell alone.
One difficulty with the successful modification of thiol-functionalized NPs via a
silica shell using the Stöber process is the requirement for very clean surfaces so that the
shell will seed evenly and condense as a shell. It is difficult for a proper, controlled solgel condensation to take place on NPs with complex ligands, especially when considering
the steps in the synthesis of the silica shell31. As seen in Figure 3.4, there are varying
thicknesses of silica shells on the Ag NPs. The difference between the Ag NPs is simply
the method of their synthesis. All parameters for the sol-gel were the same, but he NPs
themselves were synthesized in the presence of different reagents that can be considered
capping agents. The NPs on the left were grown simply in water, the NPs in the center
were grown in the presence of fumed silica, and the NPs on the left were grown in the
presence of sodium silicate, Na2SiO3. These molecules were used to seed the nucleation

Figure 3.4. TEM images of core-shell Ag NPs with silica shells; grown as previously
described (left), grown in the presence of SiO2 (center), and grown in the presence of
Na2SiO3 (right).
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of Ag NPs in quartz vessels, whereas the Ag NPs grown in water were grown in glass
vessels, which promote the spontaneous formation of Ag seeds. As was previously
reported from this group, the surface of the glass Pyrex vessel plays an important role in
the nucleation of the Ag NPs via the interaction of the positive ions in the glass with the
negatively charges silver hydroxide complexes in solution7. The surface of Pyrex is
complex, and 80.6% of its makeup is SiO235. Using both Na2SiO3 and SiO2 allow for the
same interaction with the silver hydroxide complexes. As would be expected, the added
molecules have an affinity for silver and tend to passivate the surface of the Ag NPs to
some degree and act as silane coupling agents36. This, in turn, offers a surface with an
increased affinity for the silica condensation. This explains the thicker shells of silica on
Ag NPs treated with the same sol-gel reaction conditions as described in the materials
and methods. Shells grown on NPs in presence of SiO2 formed 17 nm-thick shells and
those grown in the presence of Na2SiO3 grew 30 nm thick shells, as compared to naked
Ag NPs, which yielded silica shells of 14 nm thickness.
Further functionalization of the silica shells to attach biomolecules are necessary
when the Ag NPs are used as scattering labels for flow cytometry experiments. The next
step in preparation for this would be to functionalize the silica shell with (3aminopropyl)triethoxysilane,. This will be used to conjugate Neutravidin to the Ag NPs,
and the subsequently bind to biotinylated cells for flow cytometry. More work must be
carried out in order to optimize the parameters for thin silica shell formation upon the
thiol SAMs. Silane-terminated thiols, as opposed to methyl-, alcohol-, and amine-
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terminated thiols are of interest due to the affinity that the silica shell has shown to silane
groups.
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CHAPTER FOUR
CONCLUSIONS AND FUTURE WORK

Silver nanoparticles are intensively studied because they exhibit the most efficient
interaction with light in comparison with any other material. This and many other unique
properties are due to the excitation of the plasmon resonances of Ag NPs. This allows for
Ag NPs to be utilized in many applications such as optical labels, solar cells, and
medicine.
Chapter 2 of this thesis focuses on understanding the way and manner in which
Ag NPs can be stabilized when forming 2D-arrays on a solid substrate. Two-dimensional
arrays of Ag NPs can be useful to enhance various sensing applications, for example
SERS. They have also shown particular use as part of the photoactive layer in a solar
cell. In an effort to control aggregation of the 2D-array of Ag NPs post-assembly,
homopolymer deposition proves to be a promising approach. Various homopolymers,
such as PMMA in anisole, and PBMA and PS in both anisole and toluene, will
immobilize and stabilize the Ag NP 2D-array without coating the tops of the NPs. Having
parts of the NPs uncoated is crucial to enable further modification. The work presented
in Chapter 2 also unveiled the structure of the homopolymer film itself, as it was
previously understood that the polymers filled in the spaces between NPs without any
wetting of the Ag NP. Herein, we have shown that although the homopolymer systems
do not have an affinity for Ag, they still wet the NPs and form ridges around the
individual Ag NPs. .
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Chapter 3 of this thesis delineates the functionalization and protection of Ag NPs
with self-assembled monolayers of various thiol molecules and silica shells. Core-shell
nanostructures have important uses in biosensing and in medicine. Ag NPs cannot be
used alone under physiological conditions due to their cytotoxicity, but also because their
integrity is compromised due to the leaching of Ag ions and aggregation.
Functionalization with thiol SAMs, together with encapsulation with a silica shell makes
a functional, biocompatible, stable NP which can be modified for many applications. The
synthetic route to produce Ag NPs has shown to have an effect upon silica shell thickness
when using a modified Stöber synthesis for the growth of a silica shell. Somewhat
negative results ensued when first functionalizing NPs with thiol SAMs, so more work
needs to be carried out in order to successfully create a more complete silica shell around
the Ag NPs.

36

REFERENCES

1. Leutwyler, W. K.; Bürgi, S. L.; Burgl, H. Semiconductor clusters, nanocrystals, and
quantum dots. Science 1996, 271, 933.
2. Bardhan, R.; Lal, S.; Joshi, A.; Halas, N. J. Theranostic nanoshells: from probe design
to imaging and treatment of cancer. Acc. Chem. Res. 2011, 44, 936-946.
3. Lakowicz, J. R.; Geddes, C. D.; Gryczynski, I.; Malicka, J.; Gryczynski, Z.; Aslan, K.;
Lukomska, J.; Matveeva, E.; Zhang, J.; Badugu, R. Advances in surface-enhanced
fluorescence. J. Fluoresc. 2004, 14, 425-441.
4. Zhang, J.; Fu, Y.; Lakowicz, J. R. Emission behavior of fluorescently labeled silver
nanoshell: enhanced self-quenching by metal nanostructure. The Journal of Physical
Chemistry C 2007, 111, 1955-1961.
5. Sundararajan, S. P.; Grady, N. K.; Mirin, N.; Halas, N. J. Nanoparticle-induced
enhancement and suppression of photocurrent in a silicon photodiode. Nano letters
2008, 8, 624-630.
6. Temple, T.; Mahanama, G.; Reehal, H.; Bagnall, D. Influence of localized surface
plasmon excitation in silver nanoparticles on the performance of silicon solar cells.
Solar Energy Mater. Solar Cells 2009, 93, 1978-1985.
7. Evanoff Jr, D. D.; Chumanov, G. Size-controlled synthesis of nanoparticles. 1.“Silveronly” aqueous suspensions via hydrogen reduction. The Journal of Physical
Chemistry B 2004, 108, 13948-13956.
8. Kreibig, U.; and Vollmer, M. Optical Properties of Metal Clusters; Springer Series in
Materials Science; Springer: 1995; .
9. Kinnan, M. K.; Kachan, S.; Simmons, C. K.; Chumanov, G. Plasmon coupling in twodimensional arrays of silver nanoparticles: I. Effect of the dielectric medium. The
journal of physical chemistry.C, Nanomaterials and interfaces 2009, 113, 7079.
10. Johnston, H. J.; Hutchison, G.; Christensen, F. M.; Peters, S.; Hankin, S.; Stone, V. A
review of the in vivo and in vitro toxicity of silver and gold particulates: particle
attributes and biological mechanisms responsible for the observed toxicity. Crit. Rev.
Toxicol. 2010, 40, 328-346.
11. Dukes, K. Synthesis and applications of novel silver nanoparticle structures. 2012.

37

12. Stöber, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse silica spheres in
the micron size range. J. Colloid Interface Sci. 1968, 26, 62-69.
13. Jain, P. K.; Huang, W.; El-Sayed, M. A. On the universal scaling behavior of the
distance decay of plasmon coupling in metal nanoparticle pairs: a plasmon ruler
equation. Nano Letters 2007, 7, 2080-2088.
14. Kinnan, M. K.; Chumanov, G. Plasmon Coupling in Two-Dimensional Arrays of
Silver Nanoparticles: II. Effect of the Particle Size and Interparticle Distance†. The
Journal of Physical Chemistry C 2010, 114, 7496-7501.
15. Choi, B.; Lee, H. H.; Jin, S.; Chun, S.; Kim, S. H. Characterization of the optical
properties of silver nanoparticle films. Nanotechnology 2007, 18, 075706.
16. Malynych, S.; Chumanov, G. Coupled planar silver nanoparticle arrays as refractive
index sensors. Journal of Optics A: Pure and Applied Optics 2006, 8, S144.
17. Yoon, W. J.; Jung, K. Y.; Liu, J.; Duraisamy, T.; Revur, R.; Teixeira, F. L.; Sengupta,
S.; Berger, P. R. Plasmon-enhanced optical absorption and photocurrent in organic
bulk heterojunction photovoltaic devices using self-assembled layer of silver
nanoparticles. Solar Energy Mater. Solar Cells 2010, 94, 128-132.
18. Malynych, S.; Luzinov, I.; Chumanov, G. Poly (vinyl pyridine) as a universal surface
modifier for immobilization of nanoparticles. The Journal of Physical Chemistry B
2002, 106, 1280-1285.
19. Evanoff Jr, D. D.; Chumanov, G. Size-controlled synthesis of nanoparticles. 2.
Measurement of extinction, scattering, and absorption cross sections. The Journal of
Physical Chemistry B 2004, 108, 13957-13962.
20. Sundararajan, S. P.; Grady, N. K.; Mirin, N.; Halas, N. J. Nanoparticle-induced
enhancement and suppression of photocurrent in a silicon photodiode. Nano letters
2008, 8, 624-630.
21. Zdyrko, B.; Kinnan, M. K.; Chumanov, G.; Luzinov, I. Fabrication of optically active
flexible polymer films with embedded chain-like arrays of silver nanoparticles.
Chemical Communications 2008, 1284-1286.
22. Khayet, M.; Vazquez Alvarez, M.; Khulbe, K.; Matsuura, T. Preferential surface
segregation of homopolymer and copolymer blend films. Surf. Sci. 2007, 601, 885895.

38

23. Yu, J. M.; Tao, X. M.; Tam, H. Y.; Demokan, M. S. Modulation of refractive index
and thickness of poly (methyl methacrylate) thin films with UV irradiation and heat
treatment. Appl. Surf. Sci. 2005, 252, 1283-1292.
24. Garbassi, F.; Morra, M.; Occhiello, E. Polymer Surfaces: From Physics to
Technology; John Wiley & Sons Ltd: West Sussex, England, 1995; .
25. Radloff, C.; Halas, N. J. Plasmonic properties of concentric nanoshells. Nano Letters
2004, 4, 1323-1327.
26. Bardhan, R.; Mukherjee, S.; Mirin, N. A.; Levit, S. D.; Nordlander, P.; Halas, N. J.
Nanosphere-in-a-Nanoshell: A Simple Nanomatryushka†. The Journal of Physical
Chemistry C 2009, 114, 7378-7383.
27. Schwartz, D. K. Mechanisms and kinetics of self-assembled monolayer formation.
Annu. Rev. Phys. Chem. 2001, 52, 107-137.
28. Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M. Selfassembled monolayers of thiolates on metals as a form of nanotechnology. Chem.
Rev. 2005, 105, 1103-1170.
29. Schneider, T. W.; Buttry, D. A. Electrochemical quartz crystal microbalance studies
of adsorption and desorption of self-assembled monolayers of alkyl thiols on gold. J.
Am. Chem. Soc. 1993, 115, 12391-12397.
30. Stewart, A.; Zheng, S.; McCourt, M. R.; Bell, S. E. Controlling Assembly of mixed
thiol monolayers on silver nanoparticles to tune their surface properties. ACS nano
2012, 6, 3718-3726.
31. He, R.; You, X.; Shao, J.; Gao, F.; Pan, B.; Cui, D. Core/shell fluorescent magnetic
silica-coated composite nanoparticles for bioconjugation. Nanotechnology 2007, 18,
315601.
32. Hussain, S.; Hess, K.; Gearhart, J.; Geiss, K.; Schlager, J. In vitro toxicity of
nanoparticles in BRL 3A rat liver cells. Toxicology in vitro 2005, 19, 975-983.
33. Brigger, I.; Dubernet, C.; Couvreur, P. Nanoparticles in cancer therapy and diagnosis.
Adv. Drug Deliv. Rev. 2012.
34. Sur, I.; Cam, D.; Kahraman, M.; Baysal, A.; Culha, M. Interaction of multi-functional
silver nanoparticles with living cells. Nanotechnology 2010, 21, 175104.
35. Phillips, J. C.; Kerner, R. Structure and function of window glass and Pyrex. J. Chem.
Phys. 2008, 128, 174506.

39

36. Liz-Marzán, L. M.; Giersig, M.; Mulvaney, P. Synthesis of nanosized gold-silica
core-shell particles. Langmuir 1996, 12, 4329-4335.

40

